Three-dimensional echocardiography (3DE) is becoming part of everyday clinical practice worldwide. However, 3DE requires adequate electrocardiographic and respiratory gating and it complements instead of replacing bidimensional echocardiography (2D). The instantaneous full-volume echocardiography technique is trying to overcome some of these limitations and to present an effective alternative to 2D echocardiography. In this article we aim to review the contribution of 3DE to our knowledge of anatomic and functional valvular anatomy and the potential advantages of instantaneous full-volume color Doppler echocardiography.
Introduction
The first most significant advance in echocardiography took place with the development of bidimensional (2D), over one spatial dimensional imaging (M-mode). The implementation of 2D color and spectral Doppler techniques significantly improved our skills on hemodynamic assessment, and echocardiography is currently recognized as the reference test to valvular heart disease evaluation, replacing cardiac catheterization, for conventional severity estimation [Nishimura et al. 2008 ]. The ultimate step on echocardiography evolution was three-dimensional echocardiography (3DE) improvement, and its expansion to clinical practice.
The first 3DE images of the heart were obtained by Dekker and colleagues in 1974 [Dekker et al. 1974] . Since then, different 3DE systems have been developed, based on an arduous reconstruction of acquired 2D images, synchronized with the electrocardiogram and respiratory motion, and then reconstructed from 90180 different heart cycles to a pseudo 'real-time' imaging, requiring a long-lasting processing time. Therefore its use was limited to echocardiography laboratories dedicated to the research field. The following advance of matrix transducers, with more than 3000 crystals, connected to a 128-channel ultrasound system probe, in concert with new processors, enabled the acquisition of real-time images, without the need for off-line reconstruction, offering appropriate visualization of valvular anatomy and quantification of ventricular function and chamber size. This was the step for 3DE to enter and settle in daily clinical practice. However, for a wider-angle acquisition, multiple narrow-angle images have to be obtained, typically gated to seven cardiac cycles, which are then volume rendered automatically with reconstruction software, and analyzed off-line afterwards. This technique complements and does not replace 2D evaluation. Moreover, its quality depends on a number of factors including the intrinsic quality of the ultrasound images, the number of the 2D images used to reconstruct the 3DE and the ability to limit motion artifacts with adequate electrocardiographic and respiratory gating [Houck et al. 2006 ]. With the instantaneous full-volume echocardiography on the ACUSON SC2000 TM volume imaging ultrasound system, Siemens brought in a new technology, in which the entire acquisition is done in one heart beat, and analyzed in real time, launching a new concept of 3DE.
The objective of this article is to present fullvolume color Doppler echocardiography and its potential advantages in anatomic and functional valvular anatomy evaluation.
'Echo in a Heartbeat' technology
The new system is based on INFocus coherent imaging technology. It delivers full-field transmit focusing and uses the power of 64 receive beams. The transducer (4Z1c) has active cooling technology, enabling full output power within regulatory limits that result in improved penetration and high-volume acquisition rates. It achieves an instantaneous full-volume image of the heart in a single heartbeat, in the format of 90 pyramids, without requiring long apneas or large electrocardiographic gating, as in the previous 3DE technology. The image acquisition is performed with simultaneous visualization of coronal, sagittal and transverse planes, with coincident planeangle correction in order to obtain the best view ( Figure 1 ). The instantaneous color Doppler image is presented in the format of 60 pyramids, with a frame rate of about 16 volumes per second (vps), within one heart beat acquisition ( Figure 2 ).
Valve anatomy and function evaluation

Mitral valve
The mitral valve has a complex structure that has received close attention over the last decade. 3DE allows detailed representation of the structure and, along with the generation of images which reflect typical ''surgeon's eye'' views, facilitates anatomic and functional interpretation. One of the first reports on transthoracic 3DE capability demonstrated a feasibility of 70% in consecutive patients, with optimal visualization of both mitral leaflets, commissures and the orifice. The anterior leaflet is usually best visualized, probably because of its larger size [Sugeng et al. 2006 ]. An interesting study compared segmental analysis of mitral prolapse, performed with transthoracic 3DE, with transesophageal 2D echocardiography. The authors described similar However, limited temporal resolution is one of the major limitations of conventional 3DE, particularly when analyzing such thin and highly mobile structures as valves. Instantaneous fullvolume imaging goes further and achieves 3DE images with a frame rate of 4560 vps. After one volume acquisition, the planes can be transected and orientated in any direction and it is possible to assess detailed anatomy of mitral valve from the left atrium ('the surgeon view'), or mitral valve apparatus from the left ventricle ( Figure 3 ). Accurate identification of the valvular pathology, such as mitral valve prolapse, can be performed as well as precise recognition of the prolapsing segment.
In addition to the anatomic analysis, evaluation of mitral regurgitation with 3DE is very appealing, since 2D echocardiography presents several limitations and requires multiple parameters analysis in order to minimize eventual errors [Zoghbi et al. 2003 ]. Recent papers challenged the concept of spherical proximal isovelocity surface area (PISA) and circumferential vena contracta, using 3DE color Doppler imaging. It was shown that the true proximal flow convergence region is generally more hemielliptical than hemispheric and that erroneous assumption of spherical PISA underestimates mitral regurgitation severity [Yosefy et al. 2007 ]. New mathematic formulas for the PISA method have been proposed indicating a significant correction with a hemiellipsoidal method [Matsumura et al. 2008a; Yosefy et al. 2007 ]. In the direct assessment of the vena contracta with 3DE imaging, important asymmetries were found, especially in functional mitral regurgitation, with consequent poor evaluation of the effective regurgitant orifice area with single-plane measurements [Kahlert et al. 2008] . Similar observations were noted in the pediatric population with the shape of PISA being more frequently a prolate or oblate hemispheroid rather than a hemisphere [Ziani et al. 2009 ]. These data result from the ability to manipulate the cut planes through the dataset, allowing the proximal flow convergence region to be accurately located, even if the jet has an eccentric position. Thus, an exact assessment of its area can be done without assumptions regarding its shape. As expected this method illustrated special usefulness in complex mitral regurgitant flows, for which severity is usually underestimated by 2D echocardiography [Matsumura et al. 2008b; Mihalatos et al. 2007 ]. It enables the study of the precise direction of eccentric flow patterns, as an alternative to the measurement of the effective vena contracta, and allows the direct measurement of the regurgitant orifice from the en face from the left atrial perspective [Breburda et al. 1998 ]. In addition, this technique can be appropriate to decide whether to use the conventional PISA method or to assume a semielliptical shape for the mathematical calculation of regurgitant orifice area.
However, conventional 3D color Doppler imaging is not optimal because it requires seven heart beats to acquire an image able to show the entire flow of interest, the color sector size is narrow and the balance between color and gray scan is difficult. It also presents suboptimal acoustic sampling rate and restricted frame rates. Lastly, the quantitative software on-cart is lacking, which makes it of limited clinical applicability. Instantaneous full-volume color Doppler echocardiography has overcome most of these limitations, presenting a factual real-time 3D echocardiography, with a color sector size of 60 Â 60 pyramid, good balance between color Doppler and gray scan, and quantitative software on-cart. It is an innovative approach with original facilities for color Doppler visualization. After the volume acquisition, the entire surface of a jet can be analyzed separately and the desired view orientated according to the preferred direction ( Figure 4) . Moreover, a split color flow image can be created and exclusive visualization of the color flow performed ( Figure 5 ). Finally, automatic visualization of the 3D PISA surface, effective regurgitant orifice area calculation and vena contracta measurement can be done with expected higher accuracy compared with the conventional methods. An illustration of such an approach for a patient with mitral regurgitation is shown in Figure 6 . Studies regarding the validation of this technique for mitral regurgitation measurement are in progress.
With respect to mitral stenosis evaluation by 2D echocardiography, planimetry is the reference method, except in presence of poor acoustic windows [Baumgartner et al. 2009 ]. Even so, this method has several limitations, being the most challenge the inability to section the mitral funnel orifice [Zamorano and Agustín, 2009 ]. The measurements of the mitral valve area are made in the short axis view with no confirmation from an orthogonal plane that the imaging level corresponds to the smallest and most perpendicular view of the mitral valve orifice. This can lead to significant overestimation of mitral valve area. The 3DE provides anatomical structure views and allows unique orientations of the cardiac structures with assessment of the optimal plane of the smallest mitral valve orifice. This methodology showed the best agreement with the mitral orifice area calculations, derived from the Gorlin formula, during cardiac catheterization [Perez de Isla et al. 2007; Zamorano et al. 2004a and b] and has already been suggested as the new standard for mitral valve area measurement [Mannaerts et al. 2004] . Mitral stenosis can also be evaluated by 2D echocardiography with PISA method, but it is technically difficult and requires multiple measurements, caused by uncertainties in the measurement of the radius of the convergence hemisphere and the opening angle. With instantaneous full-volume color Doppler imaging using simultaneous visualization of coronal, sagittal and transverse planes, we can immediately select the optimal plane of the smallest mitral valve orifice and potentially measure the true radius of the convergence hemisphere, as proposed for mitral regurgitation (Figure 7) . Moreover, it has potential for automatic calculation of the 3D PISA. Studies regarding this hypothesis are needed.
Aortic valve
The aortic valve typically presents thin leaflets and its imaging is obtained with an oblique angle of incidence of the ultrasound, which makes the detailed structure analysis more challenging [Mor-Avi et al. 2009 ]. From the anatomic point of view, it has been described the incremental value of 3DE over 2D transthoracic echocardiography in the assessment of bicuspid aortic valve morphology [Singh et al. 2009 ]. Recently, Vida and colleagues reported an additional important part of intraoperative epicardial 3DE for aortic valve repair in young patients [Vida et al. 2009 ]. The authors found that 3DE provided a description of more anatomic features, and also qualitative information, which improved surgical planning. From the functional point of view, 3DE imaging improves the accuracy and reproducibility of the quantification of aortic stenosis. 3DE analysis illustrated that the left ventricle outflow tract cross section is not always circular, but rather elliptical; this incorrect assumption may significantly underestimate the measurements of aortic valve area with the continuity equation [Pérez de Isla et al. 2008; Poh et al. 2008] . A different approach of aortic stenosis severity evaluation based on direct volumetric measurements of stroke volume using semi-automated left ventricle endocardial border detection has also been proposed. The authors showed a superior accuracy of 3DE in aortic stenosis estimation, compared with the continuity equation, using Gorlin's equation as reference [Gutierrez-Chico et al. 2008a ]. Finally, planimetry of the aortic valve with 3DE images showed good agreement with the 2D standard transesophageal echocardiography technique and flow-derived methods [Goland et al. 2007 ].
Instantaneous full-volume echocardiography presents the aortic valve anatomy with a frame rate of 4550 vps, however the thin leaflets are not seen with high resolution, limiting the anatomic interpretation. Even so, full-volume color Doppler imaging offers a clear imaging of the turbulent flow in the outflow tract, with around 16 vps. As a result, even in the presence of aortic regurgitation, the distinct flow directions can be easily identified in one heart beat and a precise alignment of Doppler flow can be accurately performed. Lastly, the above-mentioned principle of automatic calculation of 3D PISA also applies to aortic regurgitation as shown in Figure 8 .
Tricuspid valve
The tricuspid valve has been less explored by 3DE than the mitral and aortic valves.
However, considering that it is not possible to visualize all three tricuspid valve leaflets and their attachment in the annulus simultaneously in one cross-sectional view, using 2D echocardiography, 3DE developed our imaging interpretation, allowing valve and apparatus visualization from any perspective [Badano et al. 2009 ]. Using instantaneous full-volume echocardiography, we can assess the entire tricuspid valve and apparatus with one heart beat ( Figure 9 ) and analyze it in detail. This may improve our understanding of the pathophysiological mechanisms underlying tricuspid valve diseases. It was already described that the 3DE measurements of the tricuspid annulus are accurate compared with magnetic resonance imaging and may have an important implication in the surgical decisionmaking processes [Anwar et al. 2007] . When comparing the tricuspid annulus with the mitral annulus using 3DE, it appears less nonplanar with a round or oval shape [Kwan et al. 2007 ]. Regarding functional tricuspid regurgitation, secondary to pulmonary hypertension, additional geometric changes were characterized by 3DE, showing enlargement of tricuspid tenting volume and dilatation of the annulus [Sukmawan et al. 2007 ]. In addition, the concepts of 3DE color flow and instantaneous full-volume color Doppler echocardiography pertaining to mitral valve regurgitation might be also applied to tricuspid regurgitation assessment. The feasibility of obtaining the area of vena contracta from the tricuspid regurgitant jet has already been confirmed. It can be achieved by cropping the 3DE color Doppler data in a precise parallel level to the tricuspid valve orifice. However, a poor correlation is found between the area of the vena contracta obtained by 3DE and its width measured by 2DE. Similar to mitral regurgitation, this data supported the concept that the vena contracta of the regurgitant tricuspid jet has a complex geometry and, when obtained, the en face view from the right atrium can be used for estimating severity of tricuspid regurgitation [Velayudhan et al. 2006 ]. Instantaneous fullvolume echocardiography allows an automatic calculation of 3D PISA, thus it might present these measurements in an easier and more accurate manner.
Conclusion
We are now experiencing the growth of a new technology capable of changing our way of performing echocardiography. Convincing evidence for the usefulness of the conventional 3DE technique has already established its role, but limitations remained. The advent of Instantaneous full-volume echocardiography has a promising potential to overcome these limitations. Even though it has its own limitations, and no transesophageal probe is available at the moment, it allows real-time image acquisition with simultaneous visualization of three planes at a high frame rate, even with color Doppler imaging. Finally, it presents volume color flow quantitative software, which might provide a simpler and more precise approach to valvular pathology severity assessment. Perez de Isla, L., Casanova, C., Almeria, C., Rodrigo, J.L., Cordeiro, P., Mataix, L. et al. (2007) Which method should be the reference method to evaluate the severity of rheumatic mitral stenosis? Gorlin's method versus 3D-echo. Eur J Echocardiogr 8: 470473.
